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Abstract – In this paper, we provide for the first time polarisation measurements of the Nþ2 band at
427.8 nm performed with Premier Cru, a dedicated spectropolarimeter to investigate the polarisation of
auroral emission lines between 400 and 700 nm. Details about the instrument, the observing conditions
and the data analysis procedure are provided. Results obtained during three nights in March 2017 in
Skibotn, Norway, indicate that the auroral blue line is polarised with a degree of linear polarisation of a
few %. Due to weak Signal-to-Noise Ratios (SNR), these measurements still need to be taken with caution
since none of the individual data set has a detection with a 3r confidence level. However, results integrated
over the entire observing period each night do show a 3r detection but due to the long integration period,
the origin of this polarisation cannot be linked to a specific type of aurora (diffuse vs structured arc) or
specific ionospheric or geomagnetic conditions. These observations need to be confirmed with an improved
design to increase the SNR and decrease the exposure time. When available, these improved measurements
of the blue line polarisation will be important to better understand the physics of auroral processes at
altitudes below 100 km where the Nþ2 emission occurs and possibly for space weather applications if
the polarisation varies with ionospheric/geomagnetic conditions.
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1 Introduction
The polarization of the auroral 630 nm red line was dis-
cussed theoretically in Lilensten et al. (2006) then observation-
ally confirmed by Lilensten et al. (2008) using a dedicated
Steerable Photo Polarimeter (SPP). Subsequent observations
(e.g., Barthelemy et al., 2011) confirmed that the red line is
polarized at a level of 2–3% with significant variations on short
time scales. This new observable could be useful either to mon-
itor the response of the upper atmosphere to particle precipita-
tions (Lilensten et al., 2015) or possibly to map the variations
of the direction of the local magnetic field during geomagnetic
activity (Lilensten et al., 2016). Polarization is always linked to
some anisotropy, either in the emission process itself or along
the line-of-sight. At high latitudes, in the case of the 630 nm
oxygen red line, the polarization is due to the anisotropy of
the precipitating electron beams impacting oxygen atoms,
creating imbalances between the various (unresolved) Zeeman
sublevels (Bommier et al., 2011).
The next logical step is then to check whether other auroral
emission lines could also be polarized by impact with precipitat-
ing electrons. To try to answer this question, the Royal Belgian
Institute for Space Aeronomy (BISA) and the Institute of
Planetology and Astrophysics of Grenoble (IPAG) have part-
nered to design and build a spectropolarimeter (called Premier
Cru), working in harsh conditions, with the goal to measure
the polarization of the auroral emission lines between approxi-
mately 400 and 700 nm. Additionally, results from Premier
Cru can also be used to confirm the measurements for the polar-
ization of the red line previously obtained with SPP.
Among all the auroral emission lines, since the 577.7 nm
green line cannot be polarized (Bommier et al., 2011), the best
candidate is therefore the blue line at 427.8 nm, which corre-
sponds to the 0–1 transition of the first negative band of Nþ2
(B2Rþu  X 2Rþg ). Indeed, first, is it usually the third brightest
auroral emission (although most of the time not visible with
the naked eye). Since the excitation threshold of Nþ2 is
18.75 eV, this band is almost permanently emitted in the auroral
oval region, and is intense especially during geomagnetic activ-
ity. Second, it is produced by impact with precipitating electrons*Corresponding author: mathieu.barthelemy@univ-grenoble-alpes.fr
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only, while the red line can also be produced by many isotropic
competing mechanisms which do not produce polarization and
therefore dilute it. Third, the blue line generally peaks at alti-
tudes around or below 100 km and is therefore produced by
energetic keV electrons (Rees, 1989). Hence, complementary
information could be obtained from the measurement of the
polarisation of the blue line since the emission peak altitude
and the energy range of electrons at the origin of the emission
are very different than in the case of the red line. Finally, the
blue emission is restricted to a much thinner altitude range than
the red line. This reduces the uncertainty on the position in the
horizontal plane where the signal is coming from compared to
the red line and might be important to link with the local mag-
netic field direction.
So far, no theoretical study of the blue line polarisation is
available unlike for the red line (Bommier et al., 2011). There-
fore, the magnitude and direction of polarisation for the blue
line due to the impact with a precipitating collimated electron
beam is unknown while for the red line, it was shown that
the polarisation is oriented parallel to the local magnetic field
line. Furthermore, an additional complication/difference comes
from the rotational structure of the vibronic transition at
427.8 nm, which is only visible at high spectral resolution, well
beyond what can be achieved with Premier Cru. In principle,
each rovibronic line could have a different polarisation and what
will be observed is the integrated value over the band. This
paper is therefore exploratory with the aim to present prelimi-
nary results of the polarization measured in the full integrated
427.8 nm Nþ2 band using Premier Cru during a campaign orga-
nized in March 2017 in northern Norway. Depending on the
results, additional instruments with improved designs will be
considered as well as the development of the theory of the blue
line polarisation.
2 Observation campaign
2.1 The Premier Cru instrument
The Premier Cru instrument consists of two parts: a box
controlled in temperature contains all the optics and is located
outside, while the spectrograph/CCD camera is located inside
the station. The box contains a C-8 Celestron telescope
(f/D = 10, D = 200 mm) in order to collect the light, a lens to
allow field pupil inversion, a rotating achromatic Half-Wave
Retarder (HWR)1, a polarizing beam-splitter cube which splits
the incident beam into two orthogonally-polarized extraordinary
and ordinary beams separated by 90. The beams are then trans-
mitted to the spectrometer via two 600 lm core optical fibers.
The fibers are matched to the tunable slit of a Czerny-Turner
303 mm (Shamrock model) spectrometer which comprises three
gratings with 300 l/mm, 600 l/mm and 1800 l/mm. A schematic
of the instrument concept is shown on Figure 1. During the
observations discussed in this paper, the size of the slit was
150 lm, the grating used was the 300 l/mm, and the exposure
time for each of the four positions of the HWR was 600 s mean-
ing that a complete set is recorded every 2400 s (40 min). The
Field of View (FoV) is approximately 0.6.
The data are collected on a 1024  255 CCD matrix
(ANDOR IDUS camera) cooled down to 70 C. A multi track
mode with co-addition of 10 adjacent lines was used, providing
a 1024  25 data matrix as final result and increasing the Sig-
nal-to-Noise Ratios (SNR). Lines 1–12 are summed to compute
intensities in the ordinary beam, while lines 14–25 correspond
to intensities of the extraordinary beam. Line 13 is used as sep-
aration between the two beams and is not included in the mea-
surement of the intensities.
2.2 Acquisition geometry
During the campaign in March 2017, the instrument was
located at the Skibotn Fieldstation (69 230 2700 N, 20 160
0200 E) of the Univerty in Tromsø (UIT, the Arctic University
of Norway). It was constantly pointing to the same direction,
with a 30 elevation and a 270 azimuth (geographic West).
Since the measured polarisation of the red emission is maximal
when the line of sight is perpendicular to the magnetic field line,
this orientation is quite optimal as shown in Lilensten et al.
(2016). Since the orientation of the polarisation for the blue line
is unknown a priori, we conservatively decided to keep this ori-
entation during the entire campaign. As shown in Figure 2, this
provides an angle of 71.98 between the line-of-sight and the
magnetic field at an altitude of 220 km and of 71.85 at an alti-
tude of 85 km (lowest limit of the blue emission line). The dis-
tance between the instrument and the emission region is
167 km at 85 km altitude and 420 km at 220 km. Local mag-
netic field directions were computed using IGRF model 2000
(Olsen et al., 2000). With this geometry, the sine of ~71.8 is
~0.95 and therefore the measured polarisation of the red line
is approximately 5% lower than the instrinsic value.
2.3 Data analysis: general procedure
We work with sets of eight spectra: the ordinary and
extraordinary spectra provided by the beam splitter for each
position angle of the HWR, namely 0, 22.5, 45, and 67.5.
Since Nþ2 , at 427.8 nm, O
1S at 557 nm and O1D at 630 and
636 nm are lines easy to identify (Fig. 3), the spectra are cali-
brated in wavelength using a third order polynomial least square
fit for the other lines. Many other lines can be observed in some
spectra such as Ha at 656 nm or the N2 first positive bands
between 600 and 700 nm, especially when the geomagnetic
activity increases. An example is shown in Figure 3.
The first step consists in defining a local continuum and set-
ting the limits of the blue line in the ordinary and extraordinary
spectra with the HWR at position angle 0 (hereafter called o00
and e00). With the grating and slit used, we cannot resolve any
rotational structure within the blue line. The polarisation mea-
surements are carried out by integrating the intensities over
the whole band.2 The same boundaries are then used to define
the blue line in all the other six spectra acquired with the
HWR set at other position angles. In the spectra, cosmic rays
sometimes produce strong and sharp peaks (Fig. 3). They have
been removed manually using a linear interpolation between the
two sides of the cosmic ray trace.
The normalized Stokes parameters q and u and the Degree
of Linear Polarization (DoLP) can then be calculated. Both the
1 Model AHWP10M-600 from Thorlabs. 2 Since the shape of the band is complex, no fit is performed.
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ratio and the difference methods are used (as e.g., in Barthelemy
et al., 2011 in the case of a similar optical design) in order to
double check the whole procedure. The two methods are briefly
reminded below. Note that since the HWR is achromatic, the
correction due to the retardance variation over the spectrum
can be neglected.
The following equations are used in the ratio method (Semel
et al., 1993; Donati et al., 1997):
q ¼ Rq1Rqþ1 and u ¼ Ru1Ruþ1 ð1Þ
where Rq and Ru are the positive square roots of the following
quantities.
R2q ¼ ðIe0=Io0ÞðIe45=Io45Þ and R
2
u ¼ ðIe22:5=Io22:5ÞðIe67:5=Io67:5Þ ð2Þ
The difference method is given by:




q ¼ Ie0  Ie45  F qðIo0  Io45Þ
Ie0 þ Ie45 þ F qðIo0 þ Io45Þ ð4Þ
and
u ¼ Ie22:5  Ie67:5  F qðIo22:5  Io67:5Þ
Ie22:5 þ Ie67:5 þ F qðIo22:5 þ Io67:5Þ ð5Þ
The ratio method compensates for a possible small differ-




Fig. 2. Observation geometry during the campaign in Skibotn in March 2017.
Fig. 1. Concept of the Premier Cru instrument. The purple part is in a box located outside while the green one is inside the adjacent
observatory. A 50 m long and 600 lm diameter double core optical fiber links the two parts.
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beams in the beam-splitter cube and in the fibers. Due to a pos-
sible misalignment of the optics in harsh conditions and the size
of the fibers compared to the slit width, an additional difference
of intensities between the ordinary and extraordinary spectra
was observed and is corrected as well by the ratio method.
However, they are not corrected in the difference method.
Hence, to solve this issue, we rely on the fact that the green
emission line at 577 nm cannot be polarized since the transition
is quadrupolar. Therefore, for this particular line, the intensities
integrated over the line in the two spectra should be identical.
This allows us to compute a correction factor to compensate
for the observed variation of intensities at this wavelength. Fur-
ther, we apply this correction factor to the blue line at 427.8 nm
assuming that the asymmetry between the spectra intensities is
constant over the observed wavelength range. It also corrects
for some possible instrumental polarisation which can occur
despite the cylindrical symmetry of the instrument (e.g., due
to reflections inside the polarising elements themselves). As
above, it is assumed that this instrumental polarisation is con-
stant over the entire spectrum.






Uncertainties on the Stokes parameters are calculated by
propagating the uncertainties on the line intensities due to pho-
ton noise which is dominant and the read-out noise3 into equa-
tions (1)–(6). Since values in one of the spectra are corrected by
a multiplicative factor (for each orientation angle of the HWR),
an additional error could be introduced due to uncertainties in
our estimate of the green line intensities in e00 and o00. How-
ever, since the SNR for the green line is always large (~250),
the error introduced is always very small and negligible in
regard to the other uncertainties.
Since the DoLP is the sum of two squared numbers, it is
intrinsically biased by noise and the measured polarization is
always larger than the true one. Simmons & Stewart (1985) pro-
posed four methods to correct for this bias. In this paper, since
the goal is mostly to determine if the blue emission line is
polarised and since we are dealing with relatively low SNR
(30–100 depending of the band intensity), the maximum likeli-
hood estimator is used. This estimator is the most severe one
assuming that the true DoLP is equal to 0 when prp < 1:41,
where rp is the uncertainty on the DoLP calculated from the
noise obtained from the intensities and propagated in formulas
(1)–(6).
3 Results
3.1 Selection of useful data
Most of the time, the blue line was visible in the spectra but
too weak to provide a sufficiently high value of the SNR to
compute the polarisation. Also sometimes, when the sky was
a bit hazy, light from the small village of Skibotn at around
5 km from the fieldstation was scattered by thin clouds and
clearly visible in the spectra as a very wide Na line from high
pressure Sodium lamps.
Therefore, here we focus on three days (March 1, 2 and 5)
during which the geomagnetic activity was strong (Kp index
up to six) and auroral emissions were the most intense. As an
example, the keogram obtained for the geographic North–South
meridian with the All-Sky Camera (ASC) located next to the
Skibotn fieldstation is shown at Figure 4a. This keogram illus-
trates that the auroral activity was very intense after ~18 UT.
Note that the FoV of Premier Cru is not visible in this keogram
but the aurora covers the whole sky from Northern to Southern
horizon, corresponding to a latitudinal width of the auroral oval
of roughly 900 km. Since the scale length of the oval is larger in
the East–West direction, it is reasonable to also assume that auro-
ral activity was intense in our FoV as well during the observing
period. The magnetogram measured in Tromsø (65 km away
from the fieldstation) on March 5 is also shown in Figure 4b.
During the period corresponding to our observations that night
(roughly from 20:00 until 23:00 UT), the horizontal component
of the magnetic field was most of the time below 400 nT and
sometimes reached values as low as ~800/900 nT.
Fig. 3. Spectrum of the ordinary beam with the HWR position at 0 acquired on March 2, 2017 at 19:38. The cosmic rays mentioned in the text
are the strong and thin peaks while the auroral lines are much wider due to the aperture of the slit. Two of them are pointed in the figure.
3 4 e in the ANDOR IDUS specifications.
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Due to the presence of the Moon on March 5, an additional
continuum was observed but could be easily removed and did
not affect the signal from the aurora. This means that observa-
tions are possible even with moonlight which is not possible
with a photometer such as SPP using a single wavelength
channel.
In addition to analyses of individual sets of eight spectra, for
the three active periods considered, a sum of all data sets
available for each evening has been carried out to estimate
an average polarisation during the entire period. Of course, in
this case, only long-term polarisation structure can be mea-
sured, preventing us to distinguish any variation of the polarisa-
tion with ionospheric conditions or detailed geomagnetic
activity.
3.2 Polarisation results
Results for the three days in March are given in Table 1. It
provides the date, start time of the observation sets, the DoLP
measured with the ratio and difference methods (respectively
Fig. 4. (a) Keogram obtained for the geographic N–S meridian with the ASC located at the Skibotn Observatory on March 5, 2017,
(b) horizontal component of the magnetic field recorded at the Tromsø observatory the same day. Both diagrams illustrate a very high auroral
activity during the observations with Premier Cru.
Table 1. Results of the DoLP measurements during the three days in March 2017.
Date Time LT pr (%) pd (%) rpr (%) pr/rpr pr0 (%) pr0/rpr L
01-03-2017 20:16:17 1.43 1.42 1.75 0.81 0 0 3
01-03-2017 21:02:01 3.54 3.07 1.50 2.36 3.17 2.11 2
01-03-2017 21:47:19 2.51 2.40 1.00 2.51 2.28 2.28 1
01-03-2017 23:15:39 1.37 1.35 3.26 0.42 0 0 1
01-03-2017 All sets 2.84 2.79 0.78 3.64 2.73 3.5 2
02-03-2017 19:38:55 2.18 1.97 1.11 1.97 1.80 1.62 4
02-03-2017 20:27:11 4.00 3.98 1.33 3.01 3.76 2.84 1
02-03-2017 21:16:46 2.54 2.40 1.38 1.83 1.98 1.43 2
02-03-2017 22:48:13 2.50 2.31 1.10 2.27 2.22 2.01 2
02-03-2017 23:38:09 1.52 1.69 2.25 0.67 0 0 1
02-03-2017 All sets 1.76 1.69 0.54 3.24 1.67 3.09 2
05-03-2017 21:14:18 1.20 1.16 0.93 1.29 0 0 3
05-03-2017 22:02:01 1.72 1.72 1.23 1.40 0 0 4
05-03-2017 23:00:09 1.43 1.26 1.13 1.26 0 0 3
05-03-2017 All sets 1.19 1.19 0.55 2.16 1.03 1.87 3
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called pr and pd), the uncertainty on the DoLP measured with
the ratio method rpr , the corresponding SNR pr/rpr , the
debiased value of the DoLP pr0 using the ratio method, and
the corresponding SNR pr0 /rpr . Eventually a coefficient L is
provided by the authors as a level of confidence from 1 (low)
to 4 (very good) to take into account the cases where some
complication occurs such as haze, thin clouds, cosmic ray traces
on the edge of the lines, unexpected noise, etc. As an example,
an entire data set (March 2nd from 19:38 to 20:20) is plotted on
Figures 5 and 6. For this data set the DoLP is 1.97 ± 1.11% with
the ratio method. The data set has almost no pixels with cosmic
rays traces.
The values of the DoLP obtained with the ratio and the dif-
ference methods are very close to each other, which gives con-
fidence in the results and in the computation of the correction
factor using the fact that the green line is unpolarised. No polar-
isation at the 3r confidence level is detected in individual data
sets. The highest value of pr0 /rpr is 2.84 but with a low level of
confidence due to the presence of a large number of cosmic rays
in that data set. If we do not consider the data sets with level of
confidence 1 or 2, the highest SNR is only 1.62 with an unbi-
ased value of the DoLP equal to 1.80%.
The debiased DoLP pr0 ranges from 0% to 3.17%. Note that
0 does only mean that the debiasing method provides a polari-
sation compatible with 0 considering the noise in data. It does
not mean that the polarisation is strictly equal to 0.
The DoLP measured when adding all the data sets of an
evening presents a much better SNR. The polarisation level is
not cancelled out when using long term integration and is still
measurable with a debiased DoLP ranging from 2.73% to
1.03%. Since the SNR is higher, detections with more than
3r are obtained for March 1 and 2. However, the level of con-
fidence for these days is low and so these 3r detections have to
be taken with care. Polarisation is smaller for March 5 with a
value of pr0 /rpr ¼ 1:87 but with a higher confidence level
(L = 3).
3.3 Additional checks
A few additional checks can be done to give more confi-
dence in these measurements. First is to compare with previous
polarisation measurements on the auroral red line (630 nm). The
results needs to be in the same order of magnitude compared to
the DoLP measurements on this line. This have been performed
for the night of March 2nd. The DoLP in this case is
4.6% ± 0.9% with the ratio method which is in the same order
of magnitude compared to previous measurements of the red
line DoLP (Lilensten et al., 2008, 2015).
A last check of the results is done by performing some null
parameter calculations (Donati et al., 1997; Bagnulo et al.,
2009). Using the equations given by Donati et al. (1997) with
the same data set (March 2nd), the absolute value of the normal-
ized null parameter N/I is of the order of 0.52% which is less but
not totally negligible compared to the measured Stokes param-
eter. It is however coherent with the observed noise in the mea-
sured Stokes parameters. The null parameter has been also
calculated for the data set shown in Figure 6. In this case
jN=I j is equal to 0.39%.
(a) Whole o beam spectrum; HWR angle=0°
(b) Whole e beam spectrum; HWR angle=0°
Fig. 5. Raw whole spectra for the data set taken March 2nd 2017 from 19:35 to 20:20. Calibration in wavelength is not shown since it is
notused in the data processing once the blue line have been locate. Both o (Left panels) and e (Right panels) beams are shown at HWR position
0.
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4 Conclusion and discussion
We have carried out the first polarimetric measurements of
the Nþ2 band with a dedicated spectropolarimeter called Premier
Cru. The measured DoLP, integrated over the whole band,
ranges from 1 to 4% but no measurement for individual data
set corresponds to a detection with a 3r confidence level
interval. For each of the three nights of observations, we have
Fig. 6. Extracted blue line profile after background subtraction and cosmic rays traces removal for the data set taken March 2nd 2017 from
19:35 to 20:20. Both o (Left panels) and e (Right panels) beams are shown. Extraction is done using the method previously described in the
paper. Integration is done using the shown profile. The line peak is at 427.8 nm.
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co-added measurements from individual sets in order to increase
the SNR. The results, corresponding to an integration of several
hours, eventually provide detections at the 3r level. Due to this
very long time averaging, these values must be treated with care
as we may have integrated various auroral phenomena passing
by in the FoV of the instrument. However, since the blue
emission line was permanently emitted during these very active
periods and since the resulting polarisation does not cancel out,
this seems to indicate that the blue line is polarised at a certain
level. Additional checks have been performed by calculating a
null parameter for a night and by cross checking the red line
polarisation. These measurements should be carried out again
with improved instrumentation providing higher SNR and
shorter integration time. A possibility could be to increase the
FoV but this would then be obtained at the cost of spatial inte-
gration which could also average/decrease the polarisation.
Another option could be to use a photomultiplier (PM) equipped
with a narrow interference filter centered on the 427.8 nm band
and a rotating polariser in front, using a design close to the one
used for SPP (Lilensten et al., 2008). This PM must have a sec-
ond channel equipped with an interference filter with the same
width but slightly shifted in wavelength in order to measure and
remove the possible light pollution background due e.g., to city
lamps or moonlight.
If confirmed, the measurements of the blue line polarisation
will allow to investigate the anisotropic processes occurring in
the lowest part of the auroral region around or below 100 km
altitude while the red line polarisation is probing these processes
in a region near 220 km and upwards. In addition, contrary to
O1D, the Nþ2 1NG band corresponds to an allowed transition
with a short lifetime of the upper state. Hence, despite being
at lower altitude, the depolarisation effect due to collisions will
be much lower than for the red line. So the polarisation of the
blue line should depend mostly on the ratio between primary
and secondary electrons.
These measurements illustrate that impact with collimated
precipitating electrons could potentially lead to polarisation in
several auroral emission lines or bands and not only in the
oxygen red line at 630 nm. In the future, several additional
questions could be considered:
– What are the exact molecular processes at the origin of the
polarisation of the 427.8 nm band? The results obtained
here are an average over the entire band. Are every
rotational line polarised the same way or are there differ-
ences? This would require a higher resolution instrument
and ab initio calculation of the polarization mechanisms
of the band through electron impact.
– Is the measured polarisation in the blue line related to some
particular type of aurora? Is it due mostly to diffuse aurora
or discrete arcs? Our current long-lasting averages do not
allow us to answer this question.
– Are the other Nþ2 bands like 0–0 band at 391 nm or the
Meinel band polarised as well?
– How does the DoLP vary with ionospheric or geomagnetic
parameters and could these polarisation measurements be
useful for space weather applications?
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